The pulsed laser deposition (PLD) technique is an excellent method to prepare single crystalline complex oxide thin ®lms. We have successfully grown ®lms for the use in HTS SQUID-devices as well as for thin ®lm optical waveguides. The Josephson junction used in the HTS SQUIDs is formed by a step edge type grain boundary junction. The step preparation is a very critical process in the SQUID preparation to achieve reproducible low 1/f noise devices. We have established a new ion beam etching process to achieve clean and steep edges in LaAlO 3 (1 0 0) substrates. The 1/f noise of SQUIDs prepared with the new method is drastically reduced. In the process of developing thin ®lm electro-optical waveguide modulators we investigated the in¯uence of different substrates on the optical and structural properties of epitaxial BaTiO 3 thin ®lms. These ®lms are grown on MgO(1 0 0), MgAl 2 O 4 (1 0 0), SrTiO 3 (1 0 0) and MgO buffered Al 2 O 3 (1 1 0 2) substrates. The waveguide losses and the refractive indices were measured with a prism coupling setup. The optical data are correlated to the results of Rutherford backscattering spectrometry/ion channeling (RBS/C), X-ray diffraction (XRD), atomic force microscopy (AFM) and transmission electron microscopy (TEM). The dielectric constant, the ferroelectric hysteresis loop and the transition temperature (ferroelectric to paraelectric state) of the BaTiO 3 thin ®lms are measured. #
Introduction
Pulsed laser deposition (PLD) is a successful thin ®lm deposition method for the preparation of epitaxial oxide ®lms on different single crystalline substrates [1] . Several deposition methods like MOCVD [2] , MBE [3, 4] and rf magnetron sputtering [5] have been used to deposit HTS-material as YBa 2 Cu 3 O 7Àx , ferroelectric BaTiO 3 and other perovskite thin ®lms on many different substrates. The advantage of PLD is the stoichiometric transfer of complex target materials to the substrate, which can be maintained at a high temperature in a reactive atmosphere. Many new devices may be formed using such high quality single crystalline oxide thin ®lms. Low noise high temperature superconductor (HTS) rf-SQUIDs prepared from YBa 2 Cu 3 O 7Àx , which are used in the nondestructive evaluation of defects in air plane wheels, are just one example for these devices [6] . The improvement of the fabrication yield of these SQUIDs in order to achieve reproducible low 1/f noise performance is a big challenge. We will demonstrate a new ion beam etching method to obtain clean steep steps in LaAlO 3 (1 0 0) which improve the yield of low noise SQUIDs drastically. Furthermore it has been shown, that BaTiO 3 thin ®lms of high transparency and good structural properties can be grown on MgO(1 0 0) [7] . Their high quality offers the possibility to use the ®lms for optical waveguides and devices. The large electro-optic coef®cients of BaTiO 3 makes this material especially suited for an electro-optical thin ®lm modulator [8] .
In this study we have investigated the in¯uence of different substrates on the structural and optical properties of BaTiO 3 thin ®lms.
Experimental

HTS-SQUID preparation and characterization
Our PLD system employs a Lambda Physics LPX 305 KrF excimer laser (248 nm, 20 ns, approx. 1 J/ pulse, up to 50 Hz) [9] . The laser beam is focused by a cylindrical lens ( f 400 mm), resulting in an energy density of more than 2.5 J/cm 2 at the target. The cylindrical target consists of single phase YBa 2 Cu 3 O 7Àx powder which has been pressed and sintered. The SQUIDs are prepared from a 200 nm thick epitaxial single crystalline YBa 2 Cu 3 O 7Àx ®lm prepared by PLD on a single crystalline LaAlO 3 -(1 0 0) substrate 10 mm Â 10 mm Â 1 mm. The typical deposition temperature for the YBa 2 Cu 3 O 7Àx thin ®lm was 7808C in an oxygen ambient of 1 mbar pure oxygen. These ®lms show T c b 89 K, j c (T 77 K b 3 Â 10 6 A/cm 2 and a crystalline perfection measured by the minimum yield value w min`4 % in a RBS/channeling analysis. In our work we use``rfwasher-SQUIDs'' described elsewhere [10] . The rf-SQUIDs have a washer size of 3.5 mm in diameter, SQUID holes of 150 mm Â 150 mm resulting in a SQUID-inductivity of 250 pH and a junction line width of 1±5 mm.
The YBa 2 Cu 3 O 7Àx , thin ®lm was patterned by wet chemical etching [11] using a resist mask de®ned by conventional photolithography. The step formation in the substrate of the 270 nm deep trench was performed by an ion beam etching procedure using a resist mask de®ned by photolithography. The dimensions of the trench prepared in the substrates is 8 mm Â 100 mm. The standard method to prepare the trenches in the substrate is to use an incident Ar -ion beam (U 400 V, I 80 mA) parallel to the normal of the substrate surface with a rotating substrate. The typical spread in the 1/f noise spectra of six SQUIDs prepared in one batch, on steps prepared with this process is seen in Fig. 1 .
All of these SQUIDs show a white noise level lower than 20 mF. at frequencies higher than 5 kHz. A large Fig. 1 . Noise spectra of six rf-washer SQUIDs prepared in one fabrication cycle using the standard step edge ion-beam etching process with vertical incidence. spread in the noise behavior in the low frequency regime is clearly seen. The reason for this noise ®gure is found in a fence of redeposited material grown during the ion beam etching process. This fence which is seen in Fig. 2a consists of amorphous substrate material. The whole trench formed during the etching process is covered by this amorphous layer of LaAlO 3 .
These results indicate that the IBE-process is critical for the junction formation and the performance of the rf-SQUIDs. Hence, we have investigated the IBEprocess. The goal of our investigation was to establish an IBE-process which produces a steep clean step angle <708 as a base for step edge junctions in order to reduce the spread in the 1/f-noise of our rf-SQUIDs. Using a rotating substrate and an angle of incidence of 458 of the ion beam with regard to the surface of the substrate we achieve a clean step with a step angle <508 (process 1) [12] . An alternative method is to align the direction of a ®xed ion beam parallel to the long edge of the trench forming photoresist mask (process 2). Using the``process 2'' we have found an improvement in the noise behavior of the SQUIDs. The best results were obtained using a combination of the two ion beam etching processes. At ®rst using thè`p rocess 2'', a trench is formed by a ®xed ion beam which is adjusted parallel to the long edge of the trench forming edges of the photoresist. So, a 270 nm deep trench is formed by a ®xed Ar -beam using 500 eV beam energy and a current of 0.5 mA/cm 2 . The incident angle of the beam was 408 with respect to the substrate surface. Then, the``process 1'' was used to clean the edge surface using a rotating substrate with a beam energy of 300 eV, current density of 0.5 mA/cm 2 and an angle of incidence of 458. The noise ®gures of SQUIDs prepared on these steps are seen in Fig. 3 . The white noise level of these SQUIDs in comparison to the SQUIDs made with the standard process is not changed. A drastic improvement in the low frequency noise performance is visible and the noise spread is also reduced. The noise level at 10 Hz is approx. 30 mF. In conclusion, using the two IBEprocesses the 1/f noise as well as the reproducibility of step edge junction rf-SQUIDs was improved dramatically.
Electro-optical BaTiO 3 thin ®lms
BaTiO 3 thin ®lms were prepared on different single crystalline substrates. The cylindrical target for the PLD-process consists of single phase BaTiO 3 powder which has been pressed and sintered. The structural and optical parameters of these substrates are listed in Table 1 . The optimized deposition conditions are very similar for all substrate materials. First the deposition chamber was evacuated to 8 Â 10 À4 mbar by a turbomolecular pump. Then an atmosphere of 2Â 10 À3 mbar of oxygen was introduced and within 5 min the substrates were heated to the deposition temperature by a SiC heater. For MgO and SrTiO 3 substrates the heater temperature was approx. 10008C. For MgAl 2 O 4 and MgO buffered Al 2 O 3 , a slightly higher heater temperature of approx. 10508C was needed. The target-substrate distance was 4 cm. The repetition rate of the excimer laser was kept at 10 Hz. The growth rate was as high as 0.4 nm/pulse, resulting in very short deposition times of approx. 250 s for a 1 mm thick BaTiO 3 ®lm. Directly after the deposition the heater was switched off and the chamber was ooded with oxygen up to atmospheric pressure. After 5 min of cooling down the samples were removed from the chamber. With these parameters we obtained epitaxial c-axis oriented BaTiO 3 ®lms on all substrates, except on MgO buffered Al 2 O 3 , where we were able to obtain a-axis oriented ®lms at 10508C. The low refractive index of Al 2 O 3 would favor a direct deposition of BaTiO 3 . However, under our experimental conditions, only polycrystalline ®lms were obtained. A MgO buffer layer on Al 2 O 3 promotes the epitaxial growth of BaTiO 3 [13] .
As an example a RBS/C measurement of a 562 nm thick BaTiO 3 ®lm grown on SrTiO 3 (1 0 0) is shown in Fig. 4 . The Ba:Ti ratio is 1:1 within the experimental accuracy of RBS (1 at.%). The value of the minimum yield w min of 0.5% measured at the Ba-signal is comparable to those observed for BaTiO 3 single crystals. A summary of the RBS/C, XRD, AFM and waveguide loss measurement results of BaTiO 3 ®lms is shown in Table 2 . SrTiO 3 and BaTiO 3 belong to the perovskite crystal family. In combination with the small mis®t (<3.3%) ( Table 1) , this leads to the superior structural properties of the BaTiO 3 ®lms grown on SrTiO 3 . Nevertheless, the high refractive index of SrTiO 3 prevents the formation of waveguides. A HRTEM micrograph is shown in Fig. 5a . The interface between BaTiO 3 and SrTiO 3 is atomically¯at. Only a low density of mis®t dislocations could be observed.
For the other substrates, the HR-TEM micrographs display similar growth patterns. The interfaces are characterized by a higher number of mis®t disloca- Fig. 3 . Noise spectra of SQUIDs prepared with the combinational IBE method for the preparation of the step in the substrate. tions with respect to SrTiO 3 . On MgAl 2 O 4 also twins were visible (see Fig. 5b ).
A TEM cross sectional image of a BaTiO 3 ®lm grown on MgO(1 0 0) is shown in Fig. 6a . Near the interface between BaTiO 3 and MgO, there is a high density of mis®t dislocations. However, only a few of them propagate through the ®lm up to the surface. Films on MgO buffered Al 2 O 3 and on MgAl 2 O 4 showed a somewhat higher number of defects (see Fig. 6b ). TEM diffraction analysis of the samples con®rmed the cubic-to-cubic orientation relationship between BaTiO 3 and the different substrates, also corroborated by a X-ray j-scan.
Because the thermal expansion coef®cient of Al 2 O 3 and MgAl 2 O 4 is lower than that of BaTiO 3 , the thickness of crack free ®lms is limited to about The lowest waveguide losses of 3 dB/cm were obtained on MgO substrates. This is correlated to the better structural properties in comparison to ®lms on MgO buffered Al 2 O 3 (8 dB/cm). However, one should note, that the waveguide thickness has a strong in¯uence on the transmission losses. According to [14] , the losses due to surface scattering a sc can be estimated by
where s is the rms surface roughness, l the wavelength, f(j) a geometric parameter associated with the angle of re¯ection j and t the waveguide thickness. The scattering losses decrease by 50% if the ®lm thickness is increased from 500 to 1 mm. Changing the wavelength from 632.8 to 1.55 mm decreases these losses by more than 80%. Electrical characterizations were performed using an interdigital electrode structure for capacitance measurements. In a temperature dependent measurement the transition from the ferro-to paraelectric phase was observed. The transition temperature of about 2008C is higher than that of single crystalline BaTiO 3 bulk material (1208C) which is attributed to the presence of stress in the single crystalline thin ®lms [15] . On MgO(1 0 0) substrates the dielectric constant of the BaTiO 3 thin ®lms has values around e 1000 AE 100. On SrTiO 3 (1 0 0) these values are much higher (around e 3000 AE 300). The large variation in the values on different substrates is attributed to the difference in the crystalline perfection of the ®lms. Further investigations of the dielectric constant, remanent polarization and coercitive ®eld in this BaTiO 3 thin ®lms are in progress.
Summary
The PLD was successfully used to prepare high quality epitaxial superconducting and BaTiO 3 thin ®lms for use in optical waveguide applications. SQUID-performance of rf-washer SQUIDs could be improved by establishing a new ion beam etching method for the preparation of the step in the substrate which prevents redeposited material at the trench steadily. Single crystalline BaTiO 3 ®lms were grown on different substrates. The best structural properties were obtained on SrTiO 3 . The optical losses of ®lms on MgO, on MgAl 2 O 4 and on MgO buffered Al 2 O 3 where 3, 6 and 8 dB/cm for l 632X8 nm, but it is expected that these values can be reduced signi®cantly be changing to the telecommunication wavelength of 1.55 mm. The relative dielectric constant of the ®lms is depending on the substrate and the transition from the ferroelectric to the paraelectric state is observed at temperatures higher than 1208C (Curie temperature for bulk single crystals).
